ABSTRACT The present study evaluated the effect of aflatoxin B1 and Eimeria vaccine challenges and their interaction on intestinal morphology, applying the morphometric index "I See Inside" (ISI). Immune cellular response and broiler chicken performance were also studied. A total of 240 broiler chickens were divided in a 2 × 2 factorial arrangement with 4 treatments, T1: Control diet and no challenge (CON), T2: Aflatoxin B1 (AFLA), T3: Control diet and Eimeria challenge (COC), and T4: Aflatoxin B1 and Eimeria challenge (AFLA+COC). The mathematical morphometric index ISI was applied to evaluate macro and microscopic alterations. Samples of liver and jejunum were analyzed for macrophages, CD4+, and CD8+ cells counting by immunohistochemistry at 7, 14, and 21 d of age. Chickens challenged with Eimeria presented higher ISI of macroscopic alterations associated to Eimeria lesion at the medium small intestine, lower body weight gain (BWG) and feed intake (FI), and worse feed conversion ratio compared to non-challenged birds. Both Eimeria and aflatoxin challenges modulated the immune cells in the jejunum and liver, generally increasing the number of macrophages, CD4+, and CD8+ cells in relation to the control group. Birds from COC and COC+AFLA groups presented higher ISI histological score in the jejunum at 7 and 14 d of age compared to the CON and AFLA groups. The reduction of FI and BWG was correlated to high histological ISI and resulted in a high presence of immune cells in tissues, suggesting immune response demand. The histological ISI had statistical correlation to broiler performance.
INTRODUCTION
Regarding broiler production, gastrointestinal tract development is highly correlated with animal performance (Maiorka et al., 2000; Santin et al., 2001) . Epithelium of intestinal mucosa has the function of digestion and absorption, and also represents an important barrier between the intestine lumen and the animal against a wide spectrum of harmful and immunogenic substances (Gottardo et al., 2016) . Damages and losses of the epithelium barrier result in inflammation, uncontrolled immune responses, and unbalanced organic homeostasis (Kitessa et al., 2014) .
Gut health could be affected by nutritional and infectious agents such as mycotoxins (Santin et al., 2002 (Santin et al., , 2003 and Eimeria (Lillehoj and Trout, 1996; Jang et al., 2011) , respectively, increasing the intestinal mucosa inflammatory process. The acute phase of immune response is the first mechanism of defense and it is C 2016 Poultry Science Association Inc. Received July 26, 2016. Accepted October 10, 2016. 1 Corresponding author: besantin@hotmail.com related to systemic and metabolic changes (Klasing, 2004; Kogut and Klasing, 2009) . Animal performance could be affected by the association between inflammatory process and intestinal damage.
In order to evaluate the alteration promoted by nutritional, infectious, and environmental agents on animal health, scoring methods have been the object of various studies. They were applied to evaluate coccidiosis (Johnson and Reid, 1970) , macro (Keirs et al., 1991; Teirlynck et al., 2011) and microscopic alterations (Gholamiandehkordi et al., 2007) , tibial dyscondroplasia (Im et al., 2012) , and welfare (Blatchford et al., 2015) . There are many researchers and producers looking for some gut health index to be applied in the poultry industry and correlated to animal performance.
Many studies (Huff and Ruff, 1982; Stoev et al., 2002; Girgis et al., 2010; Ellakany et al., 2011) showed that the combination of mycotoxins and Eimeria generates a greater decrease in body weight, increase in feed conversion, and decrease in plasma carotenoid levels than the coccidiosis by itself. The objective of this study was to evaluate the effect of aflatoxin B1 and Eimeria vaccine challenges and their interactions on intestinal immune response and, in addition, to apply and evaluate a mathematical morphometric index -"I See Inside" (ISI) in broilers using these nutritional and infectious models.
MATERIALS AND METHODS
This experiment was approved by the Institutional Animal Use Ethics Committee of Agricultural Sciences of the Federal University of Parana (Protocol 028/2015).
Animals, Experimental Design, Diet, and Housing
A total of 240 male broiler chickens, Cobb 500, was used from one to 21 d of age. The experiment was completely randomized using a 2 × 2 factorial arrangement with 4 treatments and 4 replicates each, with 15 birds in each repetition. T1: Control diet (no detectable concentration of Aflatoxin) and no challenge (CON), T2: Aflatoxin B1 400 ppb (AFLA), T3: Control diet and Eimeria challenge (COC), and T4: Aflatoxin B1 400 ppb and Eimeria challenge (AFLA+COC). Purified aflatoxin B1 was mixed in the feed and given to the T2 and T4 chickens during all experimental periods. Diet samples were analyzed for aflatoxin by LC-MS/MS (liquid chromatography coupled to mass spectrometry/mass spectrometry) methodology and the results were 468 and 393 ppb of aflatoxin for treatments T2 and T4, respectively. Eimeria vaccine challenge was performed orally on the third d of age using a live commercial vaccine, 10 times higher than the manufacturer recommended dose (±3.3 × 10 5 oocysts per bird). The vaccine included 7 species of Eimeria (E. acervulina, E.brunetti, E. maxima, E. necatrix, E. praecox, E. tenella, and E. mitis) .
The experiment was conducted in previously disinfected isolated rooms, with negative pressure, containing vertically stacked cages (replications) with sterilized wood shaving litter (to avoid external contamination), nipple drinkers, and temperature and lighting automatic control. Animals were maintained in comfortable temperature according to their age, with feed and water ad libitum. The diet was based on corn and soymeal, following Brazilian nutritional recommendations for poultry (Rostagno, 2011) .
Scoring System Methodology -ISI
The ISI methodology in process of patent (INPI BR 1020150036019) was developed based on a numeric score of alteration. In this methodology, an impact factor (IF) is defined for each alteration in macro-and microscopic analysis according to the reduction of organ functional capacity, based on previous knowledge of literature and background research. The IF range from 1 to 3, where 3 is the most impactful for the organ function, e.g., necrosis, has the highest IF because the functional capacity of affected cells is totally lost. In addition, the extent of each lesion (intensity) or observed frequency compared to non-affected organs is evaluated in each organ/tissue per animal and the score ranges from 0 to 3: score 0 (absence of lesion or frequency), score 1 (alteration up to 25% of the area or observed frequency), score 2 (alteration ranges from 25 to 50% of the area or observed frequency), and score 3 (alteration extent more than 50% of the area or observed frequency). To reach the final value of the ISI index, the IF of each alteration is multiplied by the respective score number, and the results of all alterations are summed.
For macroscopic analysis, broilers were euthanized by cervical dislocation and the carcasses were systematically evaluated following a division into 5 system groups: locomotor, gastrointestinal associated organs (GIT), intestine, coccidiosis typical lesion, and respiratory system, according to Table 1 . The sum of all alterations could reach 174, representing the worst health status. The methodology described above is based on the different relations among other organs and the intestinal health. For instance, poor intestinal health affects the quality of litter, which will affect the locomotor system and the tegument (Montagne et al., 2003; Wideman and Prisby, 2013) , indirectly affecting feeding and drinking access, worsening the gut status. The presence of yolk sac in birds older than 7 d of age could be associated with a delayed access to feed during first d of life. The respiratory tract is evaluated since it can be used as a "sentinel" tissue for the environmental quality, such as ammonia levels, which also will be affected by intestinal health (Feng-Xian et al., 2012) , and it is important to bear in mind that the airs sacs are anatomically related to the gut.
For histological alterations, the same calculation was applied. Table 2 describes the histological alterations evaluated in the intestine and liver. The scales range from 0 to 54 for the intestine, and from 0 to 39 for the liver.
Necropsy, Histology, and Immunohistochemistry
At 7, 14, and 21 d of age, 5 birds per treatment were euthanized by cervical dislocation. These chickens were necropsied for ISI macroscopic analysis, and samples of jejunum (2 cm proximal to Meckel's diverticulum) and liver (central lobe) were fixed in 10% buffered formalin solution for ISI histological analysis. The same samples were collected and conserved in Tissue-Tek O.C.T. gel, immediately frozen in dry ice, and then stocked in a −20
• C freezer for immunohistochemistry analysis. For ISI histological analysis, samples were embedded in paraffin and 5 μm sections were cut and stained with hematoxylin and eosin plus Alcian Blue. For intestinal morphology, a slide per bird was evaluated and villi were divided into merged and normal. Ten intestinal villi per bird were evaluated proportionally to the morphological distribution (merged and normal), in 10X objective (also used 40X objective to confirm alterations) of an optical microscope (Nikon Eclipse E200, Sao Paulo-SP-Brazil). Liver samples were evaluated in 5 fields per bird in 10X objective. For the immunohistochemical analysis, samples were processed for CD4+, CD8+ T-lymphocyte, and macrophage counting according to Lourenço et al. (2015) . Immunohistochemistry slides were horizontally placed in a humid incubation chamber and incubated with 100 to 500 μL of primary specific antibody for macrophages, CD4+, or CD8+ Tlymphocyte. Each antibody was placed on a different slide and washed 3 times with PBS. The slides were incubated for 30 to 60 min with HRPconjugated antibody specific for the primary antibody, then peroxidase activity was blocked using DAB kit for immunocytochemistry (HRP-conjugated rabbit anti-mouse Ig, Dako North America, Carpinteria, CA, USA). The slides were counterstained with hematoxylin solution. The labeled cells were counted in 
Performance
Birds were randomly allocated at one d of age in order to obtain equal average initial body weight per cage. Birds and feed were weighed weekly (zero, 7, 14 and 21 d) to evaluate feed intake (FI), body weight gain (BWG), and feed conversion ratio (FCR). All euthanized birds for tissue sampling, as well as by other mortality causes, were individually weighed for estimating corrected feed conversion for mortality and withdrawn chickens.
Statistical Analysis
The experimental unit for performance was the cage, and for other analyses, the bird. Data were submitted to ANOVA, and significantly different averages (P < 0.05) were compared using the Tukey test at the level of 5% probability using the statistical software Statistix 9 for Windows. Data were presented as means with their standard errors. For correlation analysis, Pearson's correlation coefficient (r) was used, and the software provided the P-values.
RESULTS AND DISCUSSION
Birds challenged with Eimeria had high scores of coccidiosis lesions, mainly observed at the medium small intestine, and non-challenged birds did not present any lesions (Table 3 ). The ISI score of GIT was high in birds challenged with Eimeria. Aflatoxin did not statistically affect any evaluated macroscopic parameter, and there was no interaction between the factors in macroscopic analysis. Although aflatoxin could cause macroscopic alterations in various organs and especially in the liver (Giambrone et al., 1985; Huff et al., 1986; Pandey and Chauhan, 2007; Monson et al., 2015) , no difference was observed among the groups, which probably could be related to the level of aflatoxin used in the present study. According to Dalvi and McGowan (1984) in experimental conditions, only levels of 10 ppm of aflatoxin were able to cause significant difference in broiler performance. Broilers fed with a low level of aflatoxin (50 to 250 ppb) in experimental conditions did not present any macroscopic lesions in target organs, but had histopathological changes (Santin et al., 2003; Ortatatli et al., 2005) . In Figure 1 , it is possible to observe the interaction between COC and AFLA in jejunum and liver histology.
Eimeria challenge reduced FI and BWG and negatively affected FCR. FI was 11 and 12% lower in Eimeria challenged birds from d one to 21 and also from d 7 to 21, respectively, compared to the non-challenged group (Table 4) . There was also an interaction between Eimeria and aflatoxin challenge on FI from 14 to 21 days. Higher FI was observed in the group fed with aflatoxin and without Eimeria, compared to the group fed with aflatoxin and Eimeria. No difference was observed in groups without aflatoxin.
BWG was affected only by Eimeria challenge. The challenged group had 20, 28, 17, 19, and 13% lower BWG in the periods of one to 14, 7 to 14, one to 21, 7 to 21, and 14 to 21 d, respectively, compared to the non-challenged group (Table 5) . Feed conversion ratio was worse in Eimeria challenged birds in periods from one to 14 and 1 to 21 d compared to the non-challenged group (Table 6 ). There was a significant aflatoxin and Eimeria challenge interaction in FCR from 7 to 14 d, when AFLA+COC had the worst FCR compared to other treatments. This effect of coccidiosis on performance could be associated to inflammation, which reduces feed intake and increases requirement demands (Klasing, 2007; Jang et al., 2010) . The highest impact on FI was from 7 to 21 d and BWG was from 7 to 14 d, which was associated with the acute phase of immune response linked to the Eimeria cycle (Allen and Fetterer, 2002) . As described in others studies (Huff and Ruff, 1982; Stoev et al., 2002; Girgis et al., 2010; Ellakany et al., 2011) , aflatoxin had a boosting effect on coccidiosis in some periods.
According to the results, Eimeria challenge efficacy was verified not only by performance but also by macroscopic (Table 3) , immunohistochemistry ( Figure 2 ) and histological (Figure 1) analysis. In the naive host, coccidia activates local dendritic cells and macrophages allowing various pro-inflammatory chemokines (Dalloul et al., 2003) . Following primary and secondary infections with Eimeria, an increased percentage of CD8+ T-lymphocytes (Choi and Lillehoj, 2000) and CD4+ T-lymphocytes (Bessay et al., 1996) is observed 8 d post infection (Choi and Lillehoj, 2000) , but the proportion of CD8+ cells is high (Rothwell et al., 1995) . In the present study, a higher number of macrophages in the jejunum and liver was observed 4 d after challenge in AFLA+COC compared to other groups, and higher CD8+ cells 11 d after challenge in COC and AFLA+COC compared to other groups. For CD4+ cells at 7 d, a lower number of this lymphocyte in the jejunum and liver was observed when aflatoxin was present (AFLA and AFLA+COC), compared to groups not supplemented with aflatoxin (CON and COC). The role of CD4+ cell in coccidiosis could involve the production of soluble cytokines (Yun et al., 2000) to increase or reduce the immune response according to the period of infection. The intake of aflatoxin contaminated diet can induce broiler lymphoid organ impairment, characterized by histological lesions (Peng et al., 2015) . The present study is in accordance with Peng et al. (2014) , who also observed a high number of CD8+ cells in broilers fed with diets containing aflatoxin, and low CD4+:CD8+ ratio. CD8+ T cells carry out their protecting role against specific host target cells that are compromised with infection or oncogenic transformation (Williams and Bevan, 2007; Prado-garcia et al., 2012) . Aflatoxin that has carcinogenic effects (Wogan, 1992; Wild et al., 2000) , and Eimeria as an intracellular infectious agent could be related to the increased amount of CD8+ cells in the liver and jejunum found in the present study.
It was possible to observe that in histological evaluation, at 7 d of age, the groups challenged with Eimeria (COC and AFLA+COC) had higher ISI histological alterations in the jejunum compared to non-challenged groups (CON and AFLA), mainly because of the presence of mixed inflammatory infiltration in the lamina propria (MILP), goblet cells proliferation, and lamina propria thickness. These scores are correlated to a high number of immune cells in the COC groups on immunohistochemistry. It could be associated to the inflammatory response against Eimeria, but only the lamina propria thickness had negative statistical correlation with FCR (r = −0.59), and no correlation with FI and BWG was found (Table 7) . The acute inflammatory response induces anorexia in birds, characterized by less feeding and small body size, especially observed on the first d post challenge (Jiang et al., 2010) .
In liver histology at 7 d, the AFLA+COC group showed the lowest ISI compared to other groups. At this age, birds showed a high physiologic steatosis due to yolk absorption. It was observed that at this age it could be difficult to apply the ISI histology on the liver, once that vacuolation IF is usually high at this period (Figure 3, F) . There was also no statistical correlation between the evaluated parameters in liver histology with the performance data ( Table 7) . At 14 d, the histology of the jejunum showed that challenged birds had higher histological ISI compared to the non-challenged group, due to oocyst presence and MILP. When the correlation of histology ISI with performance was evaluated, a negative statistical correlation of lamina propria thickness, proliferation of enterocytes, MILP, and presence of oocyst with respectively) and FCR (r = 0.59, r = 0.52, r = 0.39, and r = 0.61, respectively) was observed. No correlation with FI was observed at 14 d (Table 7) . These results were expected because the histological parameters are associated to inflammation (Lillehoj and Trout, 1996) and the presence of parasites. Enterocyte cells are responsible for absorption (Uni et al., 2003) , but perhaps not totally mature enough to have a positive relation with performance. However, more studies should be done to evaluate the interaction between enterocyte proliferation and animal performance.
In liver histology, Eimeria challenged groups had high scores as a consequence of immune cell infiltration and congestion (Figure 3, D) which is related to the immunohistochemistry data. In fact, liver in birds has a role as ectopic lymphoid tissue, mainly in the beginning of life (Oláh and Valverde, 2008) . There is a negative statistical correlation between immune cell infiltration in the liver and BWG (r = −0.72) and FCR (r = 0.58) at 14 d, showing once again the inflammation effect on performance.
At 21 d, in jejunum histology, challenged birds had high scores due to oocysts (Figure 3) , which is correlated with the macroscopic observations of coccidiosis lesions. At this age, epithelial plasma cell infiltration was negatively correlated to FI (r = −0.54) and BWG (r = −0.65); MILP was correlated to FCR (r = 0.62) and the presence of oocysts with BWG (r = −0.74) and FCR (r = 0.67) ( Table 7) . These results suggested that the mobilization of immune cells could affect the performance parameters. Other histological parameters, as epithelial thickness, enterocytes, and goblet cell proliferation were positively correlated with FI (r = 0.56, r = 0.27, and r = 0.55, respectively) and BWG (r = 0.73, r = 0.51, and r = 0.68, respectively). In fact, epithelial thickness could be associated with goblet cells and enterocyte proliferation or inflammatory cells infiltration. Enterocytes are absorption cells, and as observed at 14 d of life, their proliferation has a different correlation with performance, which could be related to the different stages of cell maturation.
Goblet cells synthesize and secret mucin glycoproteins that form a mucus layer in the small intestine, and it is important to protect and transport nutrients between the lumen and enterocyte brush border membrane (Uni et al., 2003) . There are differences in the types of mucin glycoproteins synthesized along the growth period (Shub et al., 1983) . More studies about the mucin types should be done in order to better understand the correlation between goblet cell proliferation and animal performance.
It was observed at liver histological analysis that aflatoxin and Eimeria challenge caused more lesions (e.g., cell vacuolation), but there were no interactions between these factors. The vacuolation was the only parameter that showed negative correlation to FCR (r = 0.66) ( Table 7) . Santin et al. (2002) showed that mycotoxins can increase this histological change in birds and it is associated with hepatocyte damage.
When ISI histological results were correlated to BWG (Figure 4) and Eimeria challenge, it was observed that at 14 and 21 d, the highest ISI value was from the group with the lowest BWG (r = −0.72 and r = −0.48, respectively). These results suggest the possibility to apply ISI methodology in the poultry industry to evaluate and correlate gut health with animal performance. However, more studies are necessary to adjust the ISI index according to the correlation data for performance parameters from this study. In conclusion, the ISI histological index applied to the jejunum could be correlated to BWG and FCR using the Eimeria and aflatoxin models.
